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Abstract The reaction of inorganic ions (Li?, Na?, and
K?) with the lamellar material of composition (V2O5)
(C16H33NH2)1.3 under reflux conditions in alcohol-water
mixed medium results in the rapid and quantitative dis-
placement of the surfactant to form inorganic ions inter-
calated vanadium oxides. The products were characterized
by employing powder X-ray diffraction (PXRD), Fourier
transform infrared (FTIR), thermogravimetric/differential
thermal analysis (TG/DTA), and scanning electron
microscopy (SEM). FTIR and thermal studies showed the
displacement of surfactants by inorganic ions during ion-
exchange process. The XRD peaks observed at lower and
wider 2h angles reflect the interlayer separation and crys-
tallinity of the host vanadium oxide framework.
Keywords Intercalation  Vanadium oxide foam  Alkali
metal ion  Ion-exchange
1 Introduction
There has been continuous effort in improving lithium ion
batteries which consist lithium anode made of either a pure
metal, a compound or a graphite bronze and a transition
metal oxide as cathode material in which lithium ions
could be intercalated [1, 2]. LiCoO2 [3], LiMn2O4 [4, 5]
and V2O5 [6] are considered as promising cathode hosts.
The open structure of these metal oxides either in 2-D
layers or 3-D cavities are useful for insertion and dein-
sertion of high quantities of Li? per mole of cathode from a
reversible electrochemical process without much altering
the overall host structure. Owing to its layered structure
and showing mixed valence in redox reactions, V2O5 host
lattice is recognised as a good cathode material in sec-
ondary Li-batteries, which is suitable for Li-intercalation
[6, 7]. For battery applications, the rate limiting step is
reported to be the reduction of V2O5 material during dis-
charge accompanied by Li? insertion [8]. Extensive
experimental studies have been carried out on V2O5 since it
was proposed as a cathode material in the 1970s [9].
One of the strategies of enhancing the diffusion of Li?
through the interlamellar spacing is manipulating the
interlayer spacing by using appropriate intercalated species
[10]. Several workers have focused their attention in the
production of conductive polymers/transition metal oxide
nanocomposites with an increase interlamellar distance in
order to investigate their application as electrodes for Li-
batteries [11]. Murugan et al. [8] reported the synthesis,
characterization of organo-inorganic poly(3,4-ethylene di-
oxythiophene)/V2O5 nanocomposite by intercalation and
studied the electrochemical behaviour of the composite by
Li-insertion reactions. Huguenin et al. [12] investigated the
electrical and electrochemical properties of Ppy/V2O5 and
PANI/V2O5 nanocomposites to understand the electronic
and ionic transport within the nanocomposites, as well as
the contribution of the presence of conducting polymers in
V2O5 for the energy storage properties. Quites et al. [13]
developed a novel anion exchange hybrid materials by
the insertion of poly(diallylmethylammonium chloride)
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(PDDACl) and poly(allylamine hydrochloride) (PAHCl)
polyelectrolytes into V2O5 interlayer spaces using hydro-
thermal treatment and were used to host an anionic cyanine
dye. Chine et al. [14] synthesized plate-like benzyl-
trimethylammonium-vanadium pentoxide intercalate com-
pound by hydrothermal method and studied the electrical
properties.
Compounds containing alkali-metal ions were prepared
from VOSO4 solutions mixed with alkali ions which show
an 11 A˚ layer spacing with interlayer alkali-metal ions as
well as water molecules [15, 16]. In a new development,
the template molecules were replaced with Li? ions by
refluxing vanadium pentoxide nanotube materials in a
saturated solution of NaCl in ethanol [17]. In another
development, the electrochemical and structural aspects of
lithium insertion into vanadium oxide nanotubes were
studied [18]. Our research group recently reported Na? ion
intercalated vanadium oxide nanomaterials in rings and
belts morphologies [19, 20].
In the current communication, we report the successful
intercalation of Li?, Na?, and K? ions into V2O5 lattice
matrix by treating (V2O5)(C16H33NH2)1.3 macroporous
crystalline foam material with ethanol–water solutions of
above ions.
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Fig. 1 FTIR spectra of vanadium oxide foam (a) and after intercalation with (b) Li?, (c) Na?, and (d) K? ions
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Fig. 2 XRD patterns of vanadium oxide foam (a) and after interca-
lation with (b) Li?, (c) Na?, and (d) K? ions
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2 Experimental
2.1 Product preparation
The details of macroporous vanadium oxide foam prepa-
ration were described in our earlier report [21]. The etha-
nol–water mixture (50 ml, V/V = 4:1) containing 10.6 g
(or 5 M) LiCl was refluxed at 100 C with 0.5 g vanadium
oxide foam for 5 h. In case of Na? and K?, ethanol–water
mixture (50 ml, V/V = 1:1) containing 5.84 g (2 M) NaCl
or 3.73 g (1 M) KCl respectively were employed.
After filtration in warm condition, the resulting solid
was washed with ethanol and distilled water alternatively
to remove surfactant and excess inorganic ions. The light
green (Li?-intercalated) and dark brown (Na? and K?)
intercalated products were dried in an oven at 60 C for
2 h. It was found that the intercalation of Na? and K? were
taking place even at lower temperatures (70 C) in a short
duration (1 h). For Li-intercalation, it is necessary to
maintain high concentration (5 M) and relatively high
temperature for successful intercalation.
2.2 Characterization
Powder X-ray diffraction (PXRD) patterns were recorded
on a Philips PW 1820 diffractometer with graphite-filtered
Cu Ka radiation source (k = 1.541 A˚) operated at 40 kV
and 30 mA. A scan step of 1 s and step size of 0.02 was
applied to record the patterns in the range from 2 to 50
(2h). A software database published by the Joint Com-
mittee on Power Diffraction Standards (JCPDS) was used
to analyze the X-ray diffractograms.
Infrared spectra were recorded on samples pressed into
KBr pellets using a Nicolet Magna 50 Fourier transform
infrared (FTIR) spectrometer in the wave number range
400–4000 cm-1. Spectra were recorded at the rate of 10
scans per second and at the resolution of 0.08 cm-1.
Thermal analyses of powder samples were carried out at
5 C/min. in flowing oxygen, using a TA SDT 2960
apparatus. Scanning electron microscopy (SEM) electro
micrographs were recorded using a Cambridge stereoscan
120 microscope operated at 20 kV using gold-coated
samples.
Fig. 3 TG/DTA curves of vadium oxide foam (a) and after intercalation with (b) Li?, (c) Na?, and (d) K? ions
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3 Results and discussion
The FTIR spectra of intercalated materials in comparison
with vanadium oxide foam are shown in Fig. 1. The ori-
ginal spectrum (Fig. 1a) showed sharp peaks around 2920,
2850, 1480 and 1400 cm-1 that could be assigned to
cas(C–H), cs(C–H), d(CH2), and c(C–C) vibration modes of
CH3(CH2)15NH2 [22, 23]. The bands at 3490 and
3090 cm-1 are assigned to the N–H stretching vibration
modes and the band at 1610 cm-1 assigned to the N–H
bending vibration mode of the hexadecylamine [24]. Bands
due to inorganic frame work are located in the
450–1000 cm-1 range. The bands at 985, 810, and
605 cm-1 are attributed to V=O bond of the vanadyl
oxygen, V–O–V asymmetric stretching vibration and
symmetric stretching vibration modes, respectively [24].
Alkali metal ions intercalated materials exhibit charac-
teristic vibration modes in the 450–1000 cm-1 region
(Fig. 1b–d). Bands around 745 and 530 cm-1 were attrib-
uted to the asymmetric and symmetric stretching vibrations
of V–O–V bridge, while the bands around 1000 and
975 cm-1 are due to V=O stretching of distorted octahedral
and distorted square pyramids [25]. The bands around 3450
and 1600 cm-1 are respectively assigned to the O–H
stretching and H–O–H bending vibration from water mol-
ecule, respectively [26].
The PXRD patterns of the vanadium oxide foam and
intercalated materials are shown in Fig. 2. The V2O5 foam
exhibits five clear peaks in the low angle 2h region with
d-spacing of 33.4 A˚ corresponding to first intense peak.
The XRD patterns of the intercalated V2O5 showed peaks
at lower and wider 2h angles. The first d-spacing for Li?,
Na?, and K? intercalated samples are found at 9.06, 8.62,
and 8.41 respectively. The peaks at higher angles may
indicate crystallinity of the host vanadium oxide frame
work [27]. Oka et al. [15, 16] studied layer structures of the
alkali metal intercalates of hydrated vanadium oxides
A0.3V2O5nH2O (A = Na, K, Rb, Cs and NH4). Structural
analysis was made for both hydrated and dehydrated pha-
ses. According to authors, Na0.56V2O5 is isostructural with
d-AgxV2O5. Also K0.5V2O5 crystallized in the orthorhom-
bic system which has a V2O5 layer similar to that of
d-AgxV2O5 [16]. The observed layer spacing 8.93 A˚ for
Na0.56V2O5 and 9.3166 A˚ for K0.5V2O5 are comparable to
the values of d-spacing found in the XRD patterns of Na?
and K? intercalated samples. There is considerable shifting
Fig. 4 Scanning electron micrographs of vadium oxide foam (a) and after intercalation with (b) Li?, (c) Na?, and (d) K? ions
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of 00 l peak of crystalline V2O5 from angle 2h = 20.5 to
lower 2h angle of 10.83, 11.38, and 11.66 respectively for
Li?, Na?, and K? intercalates.
The thermal behaviour (Fig. 3) of intercalated materials
in air was studied by TGA experiments. Thermal analyses
of foam in air showed that the hexadecylamine gradually
decomposes upon heating above 200 C. A progressive
mass loss is observed between 200 and 450 C and a sharp
exothermic DTA peak at 450 C, corresponding to the
complete combustion of organic part of amine. The final
product was pure V2O5. The weight loss of about 60 %
observed for hexadecylamine intercalated vanadium oxide
foam caused by the complete removal of hexadecylamine.
The TGA profiles of alkali metal inserted materials show a
weight loss from 100 to 215 C, corresponding to removal
of both hydrated and interlayer water molecules. We
assumed that the weight loss of *9.5 %, *7 % and
*2.5 % observed with respect of Li?, Na? and K? ions
intercalations are due to thermal removal of inter layer
water molecules. It is also observed that the weight loss
continued up to 280 C in Li? intercalated compound
could be attributed to the combustion of the trace amount
of hexadecylamine left out in the interlayer during
intercalation.
SEM micrographs as shown in Fig. 4, exhibit a rela-
tively uniform fibres morphology in Li? and Na? interca-
lants, and a mixture of plates and fibres in K? intercalant.
A clear morphological images can be seen only at high
resolution.
4 Conclusion
The alkali metal ion intercalation into lamellar (V2O5)
(C16H33NH2)1.3 foam from an alcohol-aqueous suspension
has been studied. The insertion of alkali metal ions studied
(Li?, Na?, K?) occurs between the layers of crystalline
V2O5 foam by exchanging hexadecylamine surfactant
molecules resulting in decrease interplanar distance d100.
The observed layer spacing 8.93 A˚ for Na0.56V2O5 and
9.3166 A˚ for K0.5V2O5 are comparable to the values of
d-spacing found in the XRD patterns of Na? and K?
intercalated samples of earlier report. There is considerable
shifting of 00 l peak of crystalline V2O5 from angle
2h = 20.5 to lower 2h angle of 10.83, 11.38, and 11.66
respectively for Li?, Na?, and K? intercalates. SEM
micrographs exhibit a relatively uniform fibres morphology
in Li? and Na? intercalants, and a mixture of plates and
fibres in K? intercalant.
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